Abstract: Oral mucosa consists of the superficial epithelium and the underlying lamina propria, and it functions as a barrier against exogenous substances. In development, interactions of stem/progenitor cells of the epithelium and mesenchyme are crucial to the morphogenesis of oral mucosa. Our previous work in low level fluorideinduced cell motility of epithelial cells has yielded important clues for periodontal physiology. This study focuses on a working concept of low level fluoride to provide a conducive oral environment for pivotal epithelialmesenchymal interactions. Cultured human primary gingival epithelial cells treated with 50 μM NaF were investigated by DNA microarray. Quantitative real-time PCR and an in vivo experimental rat skin wound model were employed to confirm the findings obtained with the microarray analysis. Microarray data revealed that low level fluoride-treated human gingival epithelial cells elevated various biological processes. The key proliferation markers, FGF2 and FGF7, and mesenchymal marker, Twist1, expression was up-regulated and quantitative real-time PCR confirmed this observation. Our in vivo study revealed that low concentration of NaF increased FGF2, FGF7, and Twist1 protein expression in fluoride-treated skin wound tissues compared with controls. These results provide new information on low level fluoride-induced epithelial-mesenchymal interactions and may thus aid in the understanding of oral mucosa development.
Introduction
Fluoride is most well-known for its prophylactic use over several decades to prevent dental caries via topical application or supplementation of drinking water 1) . However, pathological effects of fluoride intake have been reported for various organs [2] [3] [4] [5] [6] .
The effects of fluoride on cells were highly concentrationdependent. The enhancement of cell proliferation at lower fluoride concentrations was similar to that reported in studies of osteoblasts, where micromolar levels of fluoride were shown to increase cell proliferation 7) through enhanced tyrosine kinase activity 8) . In vivo effects of fluoride on tooth development have also been extensively investigated 9) . NaF at 1 ppm stimulated proliferation, alkaline phosphatase activity and collagen synthesis in dental pulp cells.
Bone is also affected by fluoride and a variety of cellular mechanisms have been proposed to explain increased bone formation during fluoride (<2 ppm) treatment, which involves the MAPK mitogenic pathway. Gibson and co-workers 10) used organ culture to show that 2 mM fluoride affected the Rho/ROCK signal transduction pathway, resulting in elevated F-actin in ameloblasts. Milimolar levels of fluoride were also found to induce endoplasmic reticulum stress, apoptosis, and caspase-mediated DNA fragmentation in enamel organ epithelial-derived cell line.
Thaweboon and co-workers reported a biphasic effect of fluoride at millimolar fluoride levels in dental pulp cells 11) . This biphasic effect of fluoride suggested that fluoride can affect cells by multiple pathways, some of which are more sensitive to lower concentrations of fluoride and others that require higher fluoride concentrations.
J.Hard Tissue Biology Vol. 22 (1):59-66, 2013 view, ectodermal organs all originate from epithelial-mesenchymal tissue interaction. For tissue regeneration, the interaction between epithelia and mesenchyme is required to direct epithelia to form desired tissue structure. It is believed that appropriate recapitulation of developmental process of morphogenesis is essential for generation of artificially bioengineered tissue. In agreement with that epithelial-mesenchymal interaction is important in tissue morphogenesis, many tissue-engineering approaches aimed for tissue regeneration encompass both epithelium and mesenchyme 12, 13) . With epithelia and mesenchyme, the morphogenetic information originated from reciprocal tissue interaction is provided. Therefore, tissue-specific phenotypes and functions are expected to be regenerated.
FGF2 is a heparin-binding polypeptide that induces proliferation, migration, and protease production in cultured endothelial cells and neovascularization in vivo 14) . Accordingly, FGF2 is associated with endothelial ECM in vitro 15, 16) and basement membranes in vivo [17] [18] [19] . Newly synthesized FGF2 is stored in the ECM from where it is released to induce long-term stimulation of target cells 15, 20) .
To address this point, we took advantage of the observation that FGF2 may also be involved in early FGFR2-induced proliferation 21) , as suggested by its up-regulation within a similar time frame as FGF7. FGF2 binds with a 10-to 15-fold lower affinity than FGF7 to FGFR2IIIb whereas FGF2 but not FGF7 binds with a high affinity to FGFR2IIIc present on mesenchymalderived cells 21, 22) . Thus, the epithelial cell may represent a unique in vivo system to assess the hypothesis that low level fluoride may affect neovascularization via an endogenous FGF2 and FGF7-dependent mechanism of action. In agreement with this hypothesis, our findings demonstrate that low level fluoride-treated cells exert a potent proliferative effect on the epithelial cells in vitro. Even though these data strongly suggest that low level fluoride can facilitate proliferation by increasing the bioavailability of ECMstored FGF, no direct in vivo experimental evidences were available to support this hypothesis. To this respect, skin wound model of rats represents a unique experimental system to assess this hypothesis. By utilizing this experimental system, we have shown that low level fluoride induces significantly the proliferative activity exerted by epithelial cells and thus implicating extracellular endogenous FGF2, FGF7 and Twist1 in the growth of newly formed basement membrane. To our knowledge, this represents the first experimental evidence about the capacity of low level fluoride to affect epithelial-mesenchymal interaction via an increased mobilization of FGF2, FGF7 and Twist1.
Materials and Methods

Preparation of cells
Human primary gingival epithelial cells were prepared from healthy gingival tissues from donors (n=3) with their informed consent. Briefly, the gingiva was treated with 0.025% trypsin and 0.02% EDTA overnight at 4°C and epithelial and fibroblast cells were isolated. The cell suspension was centrifuged at 120×g for 5 min, and the pellet was suspended in medium for epithelial cells containing 0.4% V/V bovine pituitary extract, 10 μg/mL insulin, 0.1 ng/mL hEGF, 0.5 μg/mL hydrocortisone, 50 μg/mL gentamicin and 50 ng/mL amphotericin B (HuMedia-KG2, Kurabo, Tokyo, Japan). The cells were seeded in 60-mm plastic tissue culture plates and incubated in 5% CO 2 /95% air at 37°C. When the cells reached sub-confluence, they were harvested and sub-cultured. The medium was removed, washed twice and the medium was replaced by serum-free medium for overnight. The cells were then cultured with serum-free medium supplemented with NaF at final concentration of 50 μM for 6 and 24 hours.
Microarray analysis
Three RNA samples of each time point were mixed together for gene expression profiling. Gene expression profiling was performed separately for each pooled RNA sample using a GeneChip Human Genome U133A 2.0 Array (Affymetrix). The protocol for microarray processing was carried out according to the GeneChip ® 32 IVT express Kit user manual. The expression of 14,500 genes was monitored, and the data was imported into GeneSpring GX software (Agilent Technologies, Inc Santa Clara, CA) for the selection of induced and repressed genes. Values below 0.01 were set to 0.01. Each measurement was divided by the 50th percentile of all measurements in the sample. Expression levels in the NaF samples at each time point were normalized to the median of the corresponding control sample. The Affymetrix software categorized the gene expression as absent (gene intensity below an Affymetrix-calculated threshold), present or marginal.
Genes with an expression up-or down-regulated by at least twofold were used for further analysis.
Quantitative real-time PCR
Total RNA was isolated using an RNeasy Mini kit (QIAGEN, Hilden, Germany) and TURBO DNA-free™ Kit (Applied Biosystems) was used to remove contaminating DNA from RNA preparations. First-strand cDNA was synthesized from 1 ìg of total RNA using High Capacity RNA-to-cDNA Master Mix (Applied Biosystems). One-hundredth aliquot of the cDNA was subjected to real-time RT-PCR using TaqMan Gene Expression Assays (Applied Biosystems) for FGF2 (Assay ID Hs00266645_m1), FGF7 (Assay ID Hs00940253_m1) and Twist1 (Assay ID Hs00361186_m1), and pre-developed TaqMan Assay Reagents (Applied Biosystems) for â-actin (Assay ID Hs99999903_m1) served as an internal control. More than three independent measurements were averaged and relative gene expression levels were calculated as a ratio to -actin expression of each cell.
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Animals and surgery
Ten 12-week-old male SD rats, weighing 150 to 170g, were obtained from Japan SLC (Shizuoka, Japan). The rats were allowed food and water ad libitum and were maintained on a 12-h light/ dark cycle (lights on from 8:00 to 20:00) at 23±1℃ with 60±10% humidity for 1 week before use. All animals were maintained and used in accordance with the guidelines of the Nihon University Intramural Animal Use (No. AP11MD0021). All animals were injected intravenously with 35 mg/kg sodium pentobarbital (Somnopentyl R , Kyoritsu Seiyaku, Tokyo, Japan). The dorsal part of the cranium was shaved, aseptically prepared for surgery, and a full-thickness excisional wound of approximately 10 x10 mm, were created on the scalp of the animal. The open-skin wounds were treated with 50 μM NaF or comparable numbers of control animals treated with de-ionized water only. The treatment was repeated for 1 week of post-surgery, after which they were sacrificed by CO 2 inhalation. To collect the specimen, the wound sites were excised. The sp ecimens were fixed in 4 % paraformaldehyde and prepared for histology analysis.
Immunohistochemistry
Immunohistochemical staining was performed on formalinfixed, paraffin-embedded experimental rat skin wound specimens.
Rabbit polyclonal anti-FGF2 antibody (1:250; ab106245, abcam, Tokyo, Japan), rabbit polyclonal anti-FGF7 antibody (1:50; HPA043605, SIGMA, St. Louis, MO), anti-TWIST1 antibody (1:100; ab50887, abcam, Tokyo, Japan), were used as primary antibodies. CSA system (DAKO, Carpinteria, CA) was employed. Sections were initially immersed in Target Retrieval Solution (DAKO) at 97°C for 20 min, and subsequent steps were performed according to manufacturer's instructions. The immunostaining of all specimens was performed simultaneously to ensure the same antibody reaction and DAB exposure conditions.
Statistical analyses
Statistical analysis was done by one-way ANOVA. A P value of less than 0.05 (*) was considered significant, 0.01 (**); highly significant.
Results
Analysis of differences in gene expression in the control and
NaF groups
Preliminary analysis in which a two-fold or greater change in gene expression was considered significantly revealed that, as compared to the untreated controls, several genes were upregulated in the NaF group at 24 h after treatment. When the differentially expressed genes were mapped using hierarchical clustering analysis, we found that the gene expression profile on 24 h differed greatly from the control, reflecting the presence of fluoride involved in the epithelial proliferation. We also analyzed the up-regulated genes that were classified as being involved in biological processes, including cell signaling, cell morphology, cell cycle, cellular growth and proliferation and cellular development ( Table 1 ). The expression of FGF2 and FGF7 was increased after 24 h incubation of 50 μM NaF. We also found that Twist1 expression was up-regulated at 24 h (Table 1) .
Real-time PCR analysis
Real-time PCR were performed to confirm changes in the expression of mRNAs encoding the proteins involved in epithelial 61
Relatibve mRNA levels and mesenchymal proliferation, including FGF2, FGF7 and Twist1. The expression of these genes (1.6-fold for FGF2, 2.0-fold for FGF7, and 2.5-fold for Twist1) was markedly increased in NaF-treated gingival epithelial cells at 24 h (Fig. 1) . These results confirmed the findings obtained with the microarray analysis.
Macroscopic observations
The open-skin wounds treated with 50 μM NaF exhibited no significant difference in margins with erythema and edematous changes. Wound healing in control rats progressed with crusting, scab formation and re-epithelialization around the excisional wound. Scab and wound debris was more extensive and persisted for 7 days after surgery in the control group (Fig. 2) .
Immunohistochemical analysis
Immunohistochemical analysis revealed a higher expression in FGF2 and FGF7 in the NaF-treated rat epithelium compared with that in the control tissues (Fig. 3) . Twist1 positive staining was present in the mesenchymal cells of NaF-treated tissues.
Discussion
We previously reported that low level NaF is able to induce cell motility, migration, invasion and matrix production in epithelial cells 23) . In this study, we identify the proteins involved in fluoride signaling and determine the role of these molecules in epithelial mesenchymal interactions in oral mucosa.
Microarray analysis has emerged as a useful tool with which to collectively interrogate numerous signaling pathways and the up-and down-regulation of gene expression to underlying biological processes. This is the first report to use microarray technology to profile the molecular mechanisms of low level fluoride-treated human gingival epithelial cells. Our data 62 Figure 2 . Macroscopic observations of skin excisional wounds exposed to 50 M NaF compared to control group after 7 days. Scab and wound debris was more extensive and persisted for 7 days after surgery in the control group. Scale bar, 500 M. The effects of fluoride on cells were highly concentrationdependent. Dose-dependent effects of NaF treatment on proliferation of caprine osteoblasts have been reported 24) . Low dose fluoride treatment has been shown to improve bone density in clinical trials 25) . Fluoride causes proliferation and differentiation of cultured osteoblasts with associated increases in alkaline phosphatase and collagen synthesis 26) . Possible mechanisms of action on osteoblastic cells include the induction of fluoridesensitive acid phosphatases 27) , release of intracellular calcium 28) and potential interaction in growth factor signaling pathways.
Treatment of avian osteoblasts with NaF led to greater culture proliferation and differentiation 7) . A review indicates that the effect of fluoride may be biphasic in that low concentrations provide beneficial effects, whereas high concentrations are associated with histological signs of osteoblast inactivity 29) . Our previous observations are in agreement with these data, suggesting that the sensitivity of the human epithelial cells to fluoride is similar to that of other cells.
Tissue regeneration is a complex process which involves sequential cellular events. Cell adhesion represents one of the first steps of this process, followed by proliferation, differentiation and tissue maturation 30) . It is well known that epithelial cells act as biochemical and physical barriers for protecting mucosal integrity when faced with microorganisms and toxic products. In wound healing and many pathologic conditions, keratinocytes are activated to become migratory and hyper-proliferative cells that produce and secrete extracellular matrix components and signaling polypeptides. In gingival wound healing, epithelial cells cover the wound space at the phase of re-epithelialization. During reepithelialization, migrating keratinocytes express fibronectin and laminin-5. We previously reported that low level of NaF affects matrix assembly, such as fibronectin and laminin-5, leading to motility in epithelial cells. Our present in vivo results, supported by previous in vitro findings, suggest that cells exposed to NaF produce matrix to initiate wound healing followed by cellular proliferation.
Many organs developed from epithelial-mesenchymal interaction [31] [32] [33] . The interaction encompasses sequential events directed by diffusible factors and extracellular matrices 34) . Therefore, the presence of endogenous extracellular matrix (ECM) and diffusible factors is pivotal for tissue morphogenesis [35] [36] [37] . In our system, the expression of FGF and Twist1 in epithelialmesenchymal interface suggests that the morphogenesis of epithelial tissue is maintained in a native manner. FGF7 acts as a key factor in mediating epithelial morphogenesis 38) . It is likely that low level fluoride is competent to reserve endogenous FGF7, which supports the tissue interaction and facilitates subsequent tissue morphogenesis.
FGF2 is associated with endothelial ECM in vitro 15, 16) and basement membranes in vivo 17, 18, 19) . ECM may act as a physiological reservoir for extracellular FGF2. Indeed, FGF2 has been found associated with ECM in vitro and in vivo [15] [16] [17] [18] [19] . 
